Vanadium ions charge states and their incorporation in the yttrium aluminum garnet Y 3 Al 5 O 12 (YAG) lattice were studied by the correlated optical absorption and electron paramagnetic resonance (EPR) measurements. In as-grown crystals, the occupation of the V 3+ at both the octahedral and tetrahedral aluminum sites was proven. The V 3+ to V 4+ charge transformation was observed after annealing in air, whereas annealing in the hydrogen atmosphere resulted exclusively in a slight weakening of the V 3+ absorption bands due to partial recharge of these ions. Spin Hamiltonian parameters of the V 3+ and V
applications in e.g., fiber communication technique, medical treatment, chemical detection, scientific research [13] [14] [15] . Other examples of gain media employing the effective passive Q switching by means of YAG:V are Yb-or Nd-doped crystals such as Y(Lu)AG:Nd(Yb), YVO4:Nd and (KGd(WO 4 ) 2 :Nd (KGW), GdVO 4 :Nd [9, [16] [17] [18] [19] [20] . A special case of the YAG:Nd ceramic laser Q switched by the YAG:V operating at 1357 nm is reported relatively recently [21] . YAG:V also finds application as a saturable absorber in lasers operating at other than 1.3 µm wavelengths, e.g., 1 .44 µm giant pulse generation in YAG:Nd [22] or 760-800 nm LiCAF:Cr lasers [23] .
Despite the technical importance of the YAG:V crystals, there are only few studies (mainly by optical absorption spectroscopy) in the literature addressing the vanadium ions charge state and their incorporation in the garnet host [24] [25] [26] . YAG has a cubic crystal structure belonging to the space group (10) studies [24] [25] [26] have shown that the small vanadium ions can occupy both the aluminum tetrahedral and octahedral sites in YAG. The only tetrahedral V 3+ ( 3 T V + ) was tentatively suggested to be the source of the effective absorption in infrared region exhibiting three broad bands with maxima at approximately 820 nm, 1150 nm and 1300 nm [24] .
Being a transition metal ion, vanadium can easily change its valence state with respect to local charges following the electroneutrality preservation. Therefore, the vanadium charge state transformation of a different kind in the YAG lattice is of great interest. In general, the actual structure of vanadium centers and their simple and effective monitoring is of particular importance in order to further improve . The same crystals were also used in the optical absorption measurements.
Samples and experimental setup
Optical absorption was measured by Shimadzu 3101PC UV spectrometer. EPR spectra were acquired in the X-Band (9.2-9.3 GHz) with the standard 3 cm wavelength EPR spectrometer in the temperature range 4.2 -60 K using an Oxford Instruments liquid helium cryostat.
Additional EPR measurements were performed with the home-made high frequency spectrometer operated at frequencies from 82.5 GHz up to 1100 GHz in the magnetic field 0 − 15 T and temperatures 10 -300 K. The field sweep resolution was 28000 points for the 0− 15 T region with the sweep time of 100-150 min for one spectrum. Details of this spectrometer design can be found in [28] and in supplementary material to this publication.
Results and discussion

Optical absorption spectra
Room temperature (RT) optical absorption spectra measured within 300-2000 nm in the YAG1AG
(as-grown), YAG1HA (post-growth annealed in H 2 atmosphere), and YAG1AA (post-growth annealed in air) samples are shown in Fig. 1 . Five bands with maxima at about 424 nm (1), 598 nm (2), 822 nm (3), 1150 nm (4) and 1300 nm (5) can be clearly resolved in the spectra. There are no other transitions above 1600 nm. All bands seem to be complex, composed of several overlapping peaks. The strongest absorption is observed for the bands 4
and 5 in the as-grown YAG1AG and YAG1HA samples. Annealing in H 2 slightly reduces these bands amplitudes, however, the significant decrease is obtained after annealing in air along with large absorption drop also in the 822 nm ("3") and partially in the ~600 nm ("2") bands (it consists of at least two superimposed peaks at 595 nm and 614 nm) whereas the 424 nm ("1") peak survives unchanged both in the H 2 and air annealed samples. This can be explained by the bleaching of the vanadium (III) ions occupying the tetrahedral and octahedral aluminum sites, [24] . According to the interpretation given in [24] and references therein for the vanadium ions in YAG structure the bands 1,2 peaking at ~425 nm and ~615 nm, respectively, were presumably attributed to the 3 O V + previously basing on corundum analysis [24] . However, since the 595 nm peak in Fig. 1 is significantly suppressed after the air annealing, but the 424 nm one remains, they scarcely can be attributed to the same type of vanadium center taking into account the evidence of the [24] . Since the 424 nm peak underwent no drastic changes after the annealing procedures it cannot be considered as the one belonging to the vanadium 4+ in the tetrahedral surrounding. This can be the V 4+ in octahedral environment responsible for it. More precise assignment of single peaks will be discussed also in more detail in the sections 3.3 -3.4.
EPR of V 3+ octahedral center
EPR spectrum of the YAG1AG sample contains only the + spectrum was identified previously [26] . As it will be shown below, the broad resonance line at the magnetic field of 850 mT belongs to [31, 32] with the large, more than 7 cm -1 zero-field splitting. 
EPR of V 3+ tetrahedral center
Similarly to the one forbidden 1 1 − 〉 ↔ + 〉 transition. The assigning of these transitions to measured spectral lines is shown in the bottom spectrum in Fig. 5 , which presents the calculated spectrum.
Fig. 5. Measured (upper curve) and calculated (bottom curve) tetrahedral V
3+ spectrum in YAG at the frequency 300 GHz. Only allowed transitions for only electron spin levels were taken in the calculated spectrum. Some of the measured spectral lines have an absorption-like shape due to saturation effects.
The spectrum taken at 300 GHz and experimental angular dependencies measured at 9.2 GHz were fitted by the calculated ones [34] using the following spin-Hamiltonian: B z
In the calculated spectrum, Boltzmann distribution of spin levels was taken into account that leads to different intensities of the 1 0 − 〉 ↔ 〉 and 0 1 〉 ↔ + 〉 transitions allowing determination of zero-field splitting sign. It is negative.
Using the above determined spin Hamiltonian parameters the angular dependencies measured at 9.2 GHz were fitted also well (solid lines in Fig. 4) [33] . The corresponding energy level scheme is shown in Fig. 6 . The set of the corresponding wave functions should thus be the following [35] :
where α, β, γ, α', β', γ' are the weight coefficients of the corresponding The g factor and hyperfine tensor values then can be expressed in the way: 
where g e = 2.0023 is the free electron g factor, 1,2 ∆ are the energy separations between the 0 n ground and 1,2 n excited states. A is the Fermi contact term; P = g e g n β e β n 3 r − , g n ( 51 V) = 1.4711 [36] , β n are the 51 V nuclear g factor and nuclear magneton, respectively; r is a paramagnetic 3d electron-nucleus distance.
The spin-orbital coupling (SOC) reduction coefficients are:
. The charge distribution in the 3 T V + ion is therefore not uniform that results from relatively large distortion of the tetrahedron (it is elongated along [100] directions by 5.7% [27] ).
In the crystal-field approximation, the axial ZFS constant can be presented in the form:
− [32, 35] . Consequently, the calculated . Remarkably, for the six-fold coordinated V 3+ in corundum, the λ * was determined as 38 cm -1 [31] . Also the negative sign of [36] and references therein).
EPR of V 4+ tetrahedral center
Annealing in air of the as-grown YAG:V sample leads to the disappearance of the close to zero because of the triply degenerate ground state unless the Jahn-Teller effect or low lattice symmetry remove the degeneracy [32] . But even in this case, the g factor value cannot be well predicted, and the experimental evidence is thus too complicated. In any case, the was assumed. Only || , 0 A A ⊥ < give a physical sense to the hyperfine parameters, whereas other possibilities resulted in P significantly larger and/or negative (it should be positive in accordance with the free V 4+ ion value P = 516 MHz [36] and positive nuclear g factor).
Besides, consulting to the data reported in many other hosts (see [36] [36] and references therein).
Conclusions
Optical absorption and electron paramagnetic resonance measurements have shown that the vanadium ions charge state in the as-grown YAG crystals is predominantly 3+ at both the octahedral and tetrahedral aluminum lattice sites. Post-grown annealing of YAG:V crystals in air causes the V 3+ to V 4+ charge transformation. This was directly confirmed by the measurements of EPR spectra of these ions. The present study shows that while the optical absorption peaks from vanadium ions of different valence states at different lattice sites are difficult to be interpreted due to the overlapping of peaks, the EPR spectra of these vanadium ions are well separated one from other. Consequently, the proper assignment of the optical absorption peaks in YAG:V crystals was made by taking into account EPR data including the g tensor parameters analysis.
